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A B S T R A C T
The Manila clam is emerging as a relevant species for the Portuguese market. The present work was conducted in
the Tagus estuary to evaluate 1) the metals and As content in the sediments of the Tagus estuary, especially on
those areas subjected to Manila clam harvesting 2) the metals and As content in clams, and the risk associated
with their consumption 3) the physiological and biochemical responses of the clam to metals and As con-
tamination, and its possible role as a pollution bioindicator in the estuarine environment. The most con-
taminated sediments were identiﬁed nearby industrial areas, nevertheless clams collected in low contaminated
areas showed high metals and As concentrations. The condition index, glycogen content, membrane oxidative
damage, biotransformation enzymes and metallothioneins showed consistent responses to metals and As content
in clams. Results emphasize the need for the development of a management plan for the species exploitation in
the Tagus estuary.
1. Introduction
Among coastal ecosystems, estuaries are considered highly pro-
ductive areas, although deeply impacted by anthropogenic pressure
(Covelli et al., 2012). They represent complex and dynamic aquatic
environments, frequently exploited for ﬁsheries, aquaculture, in-
dustries, transport and recreational activities (Lei et al., 2016). Estu-
aries worldwide are also impacted by discharges from urban sites, since
pollutants are transported by the rivers and then into the sea through
estuaries (Mitchell et al., 1999). As a consequence, these environments
are constantly exposed to a wide variety of pollutants, as metals and
metalloids (Hoﬀman et al., 2002), organic (Cardoso et al., 2016) and
new emerging contaminants, such as pharmaceuticals (Heberer, 2002)
and micro plastics (Zhao et al., 2015).
Metals and metalloids have demonstrated to be hazardous pollu-
tants, due to their persistency, toxicity and bioaccumulative char-
acteristics (Du Laing, 2011; Velez et al., 2015a). Considering that se-
diments of coastal ecosystems can act as a sink for metals and
metalloids, the benthic fauna, closely in contact with the sediments, is
particularly vulnerable to their contamination (Elliott and Quintino,
2007). Metals and metalloids are readily bioaccumulated by benthic
fauna, including bivalves (Freitas et al., 2012; Velez et al., 2015a; de
Oliveira et al., 2016; Gao et al., 2016; Vazquez-Luis et al., 2016) and
polychaetes (Dean, 2008; Freitas et al., 2012), inducing toxic eﬀects.
Metals and metalloids are considered typical environmental pollu-
tants with prooxidant eﬀects, due to their potential to induce the in-
tracellular formation of reactive oxygen species (ROS) (Regoli and
Giuliani, 2014). In fact, biochemical markers, including oxidative stress
markers, became popular tools for detecting early toxic eﬀects in
aquatic organisms caused by these inorganic elements (e.g. Monserrat
et al., 2007; Matozzo et al., 2012; Moschino et al., 2012; Velez et al.,
2015b). The comparison between biochemical performance obtained
from the same species in diﬀerent environments will allow to assess the
toxic impacts induced by diﬀerent pollution types and/or levels and the
eﬀectiveness of the biological responses to speciﬁc environmental
conditions (Chandurvelan et al., 2015; Velez et al., 2016a).
Bivalves have been recognized as appropriate bioindicator and/or
sentinel species of environmental quality in aquatic systems (Cajaraville
et al., 2000), not only due to their ﬁlter feeding behavior and benthic
ecology (for a complete list of references, see Velez et al., 2016a) but
also due to their commercial importance as seafood. Among bivalve
species, the Manila (Asari) clam Ruditapes philippinarum (Adams &
Reeve, 1850) is gaining increasing attention due to its wide geographic
distribution and its ecological and economic relevance (Moschino et al.,
2012). As a bivalve, the Manila clam presents high ability to accumu-
late elements in its tissues, with known capacities as bioindicator of
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elements pollution in estuarine environments (Sfriso et al., 2008;
Matozzo et al., 2012; Moschino et al., 2012; Yang et al., 2013; Velez
et al., 2015a,b). Its worldwide distribution is strictly connected to its
economic relevance for ﬁsheries and aquaculture: originally distributed
in the Indo-Paciﬁc region, speciﬁcally in Japan, Korea and China
(Gosling, 2003), Manila clam was introduced into the west coast of
North America, Atlantic (Portugal, France, Spain, Ireland, England) and
Mediterranean European coasts (France, Italy) (Gosling, 2003). As for
Portugal, the Manila clam was ﬁrstly detected in 1984 in Ria Formosa
(Algarve) (Ruano and Sobral, 2000) and, since then, established po-
pulations have been reported in estuarine systems all over the country
including in the Óbidos lagoon (Velez et al., 2015b), Albufeira lagoon
(Gaspar, 2010), Ria de Aveiro (e.g. Figueira et al., 2012), the Sado
estuary (Gaspar, 2010), and the Tagus estuary (Gaspar, 2010; Chainho
et al., 2015). Today this species represents one of the most important
commercial bivalve, with the highest economic value among aqua-
culture shellﬁsh products (FAO, 2013). A special concern regarding the
occurrence of Manila clam in the Tagus estuary is its wider distribution
and increasing abundance in recent years (Ramajal et al., 2016).
The occurrence of intensive Manila clam ﬁshing - especially with
mechanical dredges - can have negative eﬀects on environments, par-
ticularly concerning impacts on benthic communities, sediment re-
suspension and increase of water turbidity (Pranovi et al., 2003;
Pranovi et al., 2004). These eﬀects have been already observed in Ve-
nice Lagoon, where intense Manila clam collection has been carried out
for> 20 years, with dramatic eﬀects on the lagoon environment, fol-
lowed by a collapse of the clam production (see Boscolo Brusà et al.,
2013 for a complete list of reference). Manila clam ﬁshing in the Tagus
Estuary is lacking a speciﬁc regulation, and many of illegal harvesters
are actually involved in its collection and commerce (Ramajal et al.,
2016). Moreover, the occurrence of illegal ﬁshing can determinate a
serious risk for human consumption, due to clam collection in micro-
biology or chemically polluted areas. It is well known that elements
contamination in edible bivalves can determinate bioaccumulation in
the trophic chain, especially in human consumers (Figueira et al., 2011)
with consequent poisoning eﬀects (Santos et al., 2014).
Taking into account the intense harvesting and commercial ex-
ploitation of Manila clam currently ongoing in the Tagus estuary, and
the scarce informations regarding the environmental characterization
of the exploited areas in terms of metals and As pollution, there is an
urgent need to investigate the contamination levels in clams at the
harvesting areas, and to reveal their use as bioindicator species and role
as source of pollutants along the ecosystems trophic chain.
In this way, the aims of the present work were 1) to evaluate se-
diments contamination in the Tagus estuary, namely in terms of metals
and As, within the areas used for Manila clam harvesting; 2) to quantify
the metals and As content in the Manila clam, and the human health
risks associated with its consumption; 3) to assess the physiological and
biochemical performance of the species to diﬀerent elements and con-
centration levels, and its possible role as a bioindicator of pollution in
the Tagus estuary.
2. Materials and methods
2.1. Study area
The Tagus estuary is one of the largest estuaries in Europe, covering
an area of 320 km2: 40% of the estuary is composed of intertidal
mudﬂats, and its eastern and southern areas contain extensive areas of
salt marshes (Caçador et al., 1996). The main source of freshwater onto
the Tagus estuary is the Tagus river, draining water from a total area of
86,629 km2, and representing the second most important hydrological
basin in the Iberian Peninsula (Duarte and Caçador, 2012) in terms of
dimensions. The Tagus estuary also represents a major seaport, hosting
both commercial and ﬁshing activities (Chainho et al., 2014; Duarte
et al., 2014). This system used to be adversely aﬀected by untreated
urban sewage discharges, together with industry (chemicals, petro-
chemicals, metallurgic, shipyard and repair and cement manufacture)
and agriculture-fertilizers and pesticides (Duarte et al., 2014). Although
the treatment of both industrial and urban eﬄuents has been improved
in the latest decades (Chainho et al., 2014; Duarte and Caçador, 2012),
this area represents a sink of historically accumulated metals and me-
talloids (Caçador et al., 1996). Previous studies identiﬁed high levels of
zinc in the surface sediments (Vinagre et al., 2008), chromium, nickel,
cobalt and also mercury (Vale et al., 2008; Mil-Homens et al., 2014).
Moreover, elements like cadmium, copper, lead and zinc exhibited
enhanced aluminium ratios mirroring the presence of anthropogenic
local inputs associated with harbour, urban and industrial activities
(Mil-Homens et al., 2014).
Six diﬀerent areas located in the Southern branch of the Tagus
Fig. 1. Six sampling areas in the Tagus estuary
(A–F).
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estuary were selected based on i) the high abundance of the Manila
clam, according to recent data on the species distribution (Carvalho,
2016), ii) previous data on element contamination levels (Chainho
et al., 2014) and iii) diﬀerent sediment grain size (Calvário, 2001)
(Fig. 1).
2.2. Sampling procedures
Sampling surveys were carried out in April–May 2015. Six areas
were selected for analyses: A – Samouco, B – Outer Barreiro Bay, C –
Airbase, D – Outer Montijo Bay, E - Inner Barreiro Bay, F – Inner
Montijo Bay. For each of the six investigated areas, three sampling sites
were selected, totalizing eighteen sampling locations.
Environmental parameters of water and sediments (pH, salinity,
temperature and redox potential) were measured with speciﬁc probes at
each sampling site. Twenty ﬁve clams (R. philippinarum) with similar
size were collected at each site for size measurements, bioaccumulation
and biochemical analyses. Moreover, estuarine sediments were col-
lected at each sampling site, for subsequent sediment grain size ana-
lysis, total organic matter (TOM) content determination, and quantiﬁ-
cation of metals and As content.
After sampling, specimens and sediments were transported on ice
(0 °C) to the laboratory.
From each sampling site, ﬁve individuals were measured (shell
length and width expressed in cm), weighted (g), and used to determine
the condition index (C.I.).
The remaining organisms were preserved at −80 °C until analysis.
For metals and As quantiﬁcation and biochemical analyses organ-
isms (whole soft tissues) were individually pulverized with liquid ni-
trogen. Five specimens from each sampling site (5 × 18 = 90 total
specimens) were used for biochemical analyses, and three of these
specimens from each sampling site (3 × 18 = 60 total specimens) were
also used for metals and As quantiﬁcations.
2.3. Laboratory analysis
2.3.1. Sediment grain size and organic matter content determination
Sediment grain-size was analyzed by wet and dry sieving following
the procedure described by Quintino et al. (1989). The median value,
P50, was calculated and expressed in phi (Φ) units, corresponding to
the diameter that has half the grains ﬁner and half coarser (dry weight).
The median and the percent content of ﬁnes were used to classify the
sediment, according to the Wentworth scale. Clean sediments were
considered those with silt and clay fraction among 0%–5%, silty when
the fraction resulted among 5%–25% and very silty among 5%–50%
(Doeglas, 1968; Larsonneur, 1977). Samples with> 50% ﬁnes content
were classiﬁed as muddy.
The TOM content was determined according to Byers et al. (1978),
corresponding to the percentage of weight loss in 1 g of dried sediment,
after combustion at 450 °C during 5 h.
2.3.2. Metals and As quantiﬁcation in sediments and clams
The concentration of seven elements (chromium, Cr; nickel, Ni;
zinc, Zn; arsenic, As; cadmium, Cd; lead, Pb; mercury, Hg) was mea-
sured in organisms whole soft tissues and sediments (bulk samples). For
metals and As quantiﬁcation in sediments, 2 g of homogenized air dried
sediment was digested overnight (± 18 h) in Teﬂon bombs, at 115 °C
with 10 mL of aqua regia solution (1:3 HNO3:HCl). To prevent the loss
of elements by volatilization, chambers were only opened when com-
pletely cooled. The cooled digest was made up to 50 mL with distilled
water. In order to obtain the total concentration of metals and As
present in clams, organisms (soft tissues) were transferred to Teﬂon
bombs. The biological samples were digested overnight (± 18 h) at
115 °C with 2 mL of the same aqua regia solution. The cooled digest was
made up to 15 mL with distilled water.
All the metals and As quantiﬁcations were done by ICP-MS
(Inductively Coupled Plasma-Mass Spectrometry) in a certiﬁed labora-
tory at the University of Aveiro. Regarding the quality controls, the
calibration was made with successive dilutions of multi-element stan-
dard ICP 71A from IV (Inorganic Venture, Christians-burg, VA, USA).
The ﬁtness of the calibration curve was checked with CRM NIST 1643e.
The whole procedure was veriﬁed with standard certiﬁcated reference
materials (CRM): MESS-3 (for sediments) and TORT-2 (for clams soft
tissues), both from NRCC (National Research Council of Canada). The
values obtained for the whole of the CRM analysis ranged from 80% to
110%. All samples below this accuracy level were rejected and the
analysis repeated.
As already described by Velez et al. (2015b) the concentration of
metals and As in clams was expressed in mg kg−1 fresh weight (FW), to
compare with maximum permissible limits expressed in mg kg−1 FW,
but also in dry weight (DW) according to Ponsero et al. (2009), to make
comparisons with literature data and to allow the determination of the
Biota-Sediment Accumulation Factor (BSAF). The concentration of
metals and As in sediments was expressed in mg kg−1 of dry weight
(DW), since the sediments were previously dried during 48 h at 25 °C to
allow the comparison between the present data and sediment quality
guideline values, those related to the threshold eﬀect, speciﬁcally TEL -
Threshold Eﬀect Level (MacDonald et al., 1996) and ERL - Eﬀects Range
Low (Long and Morgan, 1990); plus, those referred to the Midrange
eﬀect, speciﬁcally Probable Eﬀects Level - PEL (MacDonald et al., 1996)
and Eﬀects Range Median - ERM (Long and Morgan, 1990).
The Biota-Sediment Accumulation Factor (BSAF) was determined
dividing the total concentration of a given element in the organism (dry
weight) by the concentration of that element in the sediment (dry
weight) (Cheng et al., 2013).
As for the bioaccumulation levels, for each of the six investigated
areas, the amount of clams that a 70 kg adult need to consume in one
week to exceed Provisional Tolerable Weekly Intake (PTWI) was de-
termined. This value was obtained by dividing the PTWI of a 70 kg
adult by the concentration of a given element in clams.
2.3.3. Biological parameters
The determination of the condition index (C.I.) provides an in-
dication of the general physiological status of the animals (Matozzo
et al., 2012). Clams soft tissues were carefully separated from shells and
dried in an oven at 60 °C for 48 h, and then shells and soft tissues were
weighed. The C.I. values were expressed as the ratio between the dry
weight of soft tissues and the dry weight of shell × 100 times (Matozzo
et al., 2012).
Biochemical analyses were performed using 0.5 g of soft tissues in
each individual (5 individuals per site/3 × 5 = 15 individuals per
area). Samples were extracted with a speciﬁc buﬀer for each bio-
chemical parameter and centrifuged (10,000g) for 15 min at 4 °C.
Supernatants were stored at −20 °C or used immediately. A Thermo
Scientiﬁc Multiskan GO UV/Vis Microplate Spectrophotometer was
used for quantiﬁcations.
The following biochemical parameters were measured: Glycogen
(GLY) and protein (PROT) concentrations to obtain information on
clams energy reserves; lipid peroxidation (LPO) an indicator of cellular
damages; superoxide dismutase (SOD), catalase (CAT), total glu-
tathione (GSHt) and glutathione S-transferase (GSTs), indicators of
antioxidant and biotransformation responses. Also metallothioneins
(MTs) were investigated as speciﬁc biomarkers of metal contamination.
GLY content was determined following the procedure described by
Dubois et al. (1956) by the phenol–sulphuric acid method and the re-
sults were expressed as mg/g of fresh weigh (FW).
PROT content was determined according to Robinson and Hogden
(1940) with the Biuret method, using bovine serum albumin (BSA) as
standard (0–40 mg/mL). The results were expressed in mg/g of FW.
LPO quantiﬁcation was based on the reaction of LPO by-products,
such as malondialdehyde (MDA), with 2-thiobarbituric acid (TBA),
following the Buege and Aust (1978) protocol. The results were
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expressed as nmol of MDA equivalents/g of FW.
GSHt content was calculated as the sum of reduced (GSH) and
oxidized (GSSG) content, determined according to the protocol by
Rahman et al. (2007), using reduced and oxidized glutathione as
standard (0–60 µmol/L), and results were expressed as μmol/g of FW.
SOD activity was quantiﬁed by the method described by Beauchamp
and Fridovich (1971), with slight modiﬁcations (Freitas et al., 2012).
SOD standards were used (0.25–60 U/ml) and its activity was expressed
as U/g of FW. One unit (U) of enzyme activity corresponds to a re-
duction of 50% of nitro blue tetrazolium (NBT).
CAT activity was measured according to Johansson and Borg
(1988). Formaldehyde standards (0–150 μM) were used as standard.
The absorbance was read at 540 nm. CAT activity was expressed in U/g
of FW. One unit (U) of enzyme activity represents the formation of
1.0 nmol formaldehyde/min.
GSTs activity was determined following the method described by
Habig et al. (1974). For the enzyme activity quantiﬁcation a time in-
terval was selected (5 min) during which the activity was linear. The
activity of GSTs was determined using extinction coeﬃcient of
9.6 mM−1 cm−1 for CDNB. The absorbance was read at 340 nm. Re-
sults were expressed as U/g of FW; one unit of enzyme (U) corresponds
to the amount of enzyme that caused the formation of 1 μmol of dini-
trophenyl thioether/min.
Protocols herein used are also fully described in details in previous
papers (Velez et al., 2014, 2015b).
Metallothioneins separation was carried out by SDS-PAGE, carried
out in 4–20% polyacrylamide (Mini-PROTEAN TGX Bio-Rad, Mini-
PROTEAN®), according the procedure described by Laemmli (1970).
Gels were stained with Coomassie Brilliant Blue R-250 and screened in
a Densitometer apparatus (Bio-Rad—Model GS 710). Molecular mass
and relative protein amount corresponding to each band were com-
pared with a protein standard (NZY Color Protein Marker II—NZY Tech
Genes and Enzymes). Concentration of proteins was calculated using
Quantity One program software (Bio-Rad) and expressed as μg/g.
Conﬁrmation of MT proteins was achieved comparing bands with those
already described for R. philippinarum in previous studies (see Velez
et al., 2016b).
2.4. Statistical analyses
Statistical diﬀerences on sediment characteristics (ﬁnes content and
TOM), the total concentration of metals and As in sediments and clams,
the total BSAF values, and all physiological and biochemical parameters
among diﬀerent areas were assessed by hypothesis testing using the
PERMANOVA routine (permutational multivariate analysis of var-
iance), following the calculation of Euclidean distance matrices among
samples. The t-statistic in the pairwise comparisons was evaluated in
terms of signiﬁcance among diﬀerent areas. The main null hypotheses
tested were: a) there are no signiﬁcant diﬀerences on sediment char-
acteristics (TOM and ﬁnes content) and sediment contamination (each
metal and As content; total metals + As content) among areas; b) there
are no signiﬁcant diﬀerences on metals and As accumulated by clams
(each metal and As concentration; total metals + As concentration)
among areas; c) there are no signiﬁcant diﬀerences on clams physio-
logical and biochemical parameters among areas. A signiﬁcance level of
p < 0.05 was considered and signiﬁcant diﬀerences were identiﬁed in
ﬁgures and tables using diﬀerent letters. Statistical analyses were con-
ducted using PRIMERv6® (Plymouth Marine Laboratory) (Anderson
et al., 2008).
STATISTICA software (version 10) was used to infer the correlations
among environmental parameters (ﬁnes and TOM content), metals and
As content in sediments, metals and As content in clams, physiological
and biochemical responses by calculating the Pearson coeﬃcients at
signiﬁcant (p < 0.05) and highly signiﬁcant (p < 0.01).
Finally, a Principal Component Analysis (PCA) was performed by
CANOCO (version 5.0) to visualize the multivariate patterns of phy-
siological and biochemical status of the Manila clam in response to
metals and As content in clams.
3. Results
3.1. Sediments
3.1.1. Physico-chemical characteristics of the investigated areas
Water salinity ranged from 24 (area A) to 40 (area F); sediment pH
varied slightly among the study areas, ranging between 7.16 (area E)
and 7.64 (area D) and sediment temperature ranged from 17.6 °C (area
D) to 22.6 °C (area B). Sediment Eh ranged from −23 mV (area E) to
−44 mV (area D) (see Table 1 for details).
The sediment grain size analysis showed that the areas with higher
percentage of ﬁne sediments - B and E - also presented higher organic
matter content. In terms of ﬁnes content, these two areas showed sig-
niﬁcantly higher values than areas C and D (for area B), as well as than
areas A and F (for area E) (Fig. 2A). As for TOM content, areas B and E
showed signiﬁcantly higher values than area D (for area B), as well as
all other investigated areas, in case of area E (Fig. 2B).
In detail, the granulometric analyses results showed that for the area
A the median value corresponded to 2.6 Φ, and the three replicate sites
were classiﬁed as very ﬁne/ﬁne/medium silty sand. Area B showed a
median value corresponding to 3.3 Φ, and all sites were classiﬁed as
mud and medium silty sand; as for the area C, median value corre-
sponded to 1.7 Φ, with the all three replicate sites classiﬁed as medium
silty sand. The median value for the area D corresponded to 2.1 Φ, and
all sites were classiﬁed as medium silty and ﬁne silty sand. As for the
area E, median value was exceeding 4 Φ, and all sites were classiﬁed as
muddy. Finally, area F median value corresponded to 1.8 Φ, and all
sites were classiﬁed as medium silty sand.
3.1.2. Metals and As content in the sediments
Sediment data are shown in Fig. 2C for total metal and As content
and in Table 2 for single elements (Cr, Ni, Zn, As, Cd, Pb, Hg). The total
metal and As content in sediments revealed higher values in areas B and
E (258 and 264 mg kg−1 DW respectively) with signiﬁcant statistical
diﬀerences between these two areas and the least contaminated areas A
and C (Fig. 2C). The total concentration of metal and As in these two
areas was 61.5 and 79.5 mg kg−1 DW, respectively.
Considering the single elements, Zn was the most abundant element
in most areas, ranging from 30.3 to 122 mg kg−1 DW, followed by Pb
(12.3–87.3 mg kg−1 DW), Cr (10.5–39.1 mg kg−1 DW) and As
(4.82–24.8 mg kg−1 DW) (Table 2). The least abundant elements were
Ni (2.15–6.60 mg kg−1 DW), Hg (0.09–0.97 mg kg−1 DW), and Cd
(0.05–0.49 mg kg−1 DW). Areas B and E presented the highest con-
centrations for almost of the analyzed elements (Table 2) with sig-
niﬁcant statistical diﬀerences occurring among the least contaminated
areas A, C and the most contaminated one E (see Table 2).
Cr, Ni, Zn and Cd presented concentrations lower than the corre-
sponding TEL (Threshold Eﬀect Level), ERL (Eﬀects Range Low), PEL
(Probable Eﬀects Levels) and ERM (Eﬀects Range Median), whilst As,
Pb and Hg exceed the TEL and ERL limits in four of the six investigated
Table 1
Environmental parameters of the sampling areas.
Area Water salinity (‰) Sediment pH Sediment T (°C) Sediment Eh (mV)
A 24 7.54 18 −43
B 31 7.41 22.6 −34
C 30 7.48 22.1 −38
D 30 7.64 17.6 −44
E 30 7.16 21.6 −23
F 40 7.44 21.3 −35
Water salinity (‰), sediment pH, sediment temperature (°C), sediment Eh (mV) collected
at each sampling area in the Tagus estuary.
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areas (B, D, E, F) (Table 2). In particular, for Hg sediments from area D
exceed all the Hg limits, including PEL and ERM.
3.2. Clams
3.2.1. Metals and As content in R. philippinarum clams
Clams data are shown in Fig. 2D and Table 3. An increasing con-
centration of metals and As was observed from area A to area F (see
Fig. 2D). The highest values for the total concentration of metals and As
were detected in clams collected at areas E and F (respectively 41.2 and
55.4 mg kg−1 FW), whilst the lowest values were observed in clams
from areas A and B (respectively 21.4 and 22.2 mg kg−1 FW) (Fig. 2D),
with signiﬁcant statistical diﬀerences between areas A and E (Fig. 2D).
As observed for the sediments, for the majority of the investigated
areas Zn was the most abundant element also in clams, ranging from
14.2 to 30.1 mg kg−1 FW, followed by As (2.42–21.8 mg kg−1 FW), Cr
(2.00–6.38 mg kg−1 FW), Ni (1.25–2.58 mg kg−1 FW), Pb
(0.45–2.78 mg kg−1 FW), Hg (0.02–0.13 mg kg−1 FW) and Cd
(0.06–0.10 mg kg−1 FW) (Table 3).
Generally, for most of the elements, signiﬁcant statistical diﬀerences
were observed among the least contaminated clams (collected from
areas A, B, D) and the most contaminated ones (collected from areas C,
E, F). However, for Cd no signiﬁcant diﬀerences were observed among
clams collected from diﬀerent areas.
Results for the Biota-Sediment Accumulation Factor (BSAF) are
shown in Table 4.
The highest values of total BSAF were observed in clams from areas
A, C and F and the lowest values were recorded in clams from areas B
and E, although no statistical diﬀerences were found among areas.
The highest BSAF values for single elements were observed for As
(especially in area F) and for Cd, Ni, Hg and Cr (areas A and C). Lower
BSAF values were observed for Pb, with the exception of clams from
area C. Signiﬁcant statistical diﬀerences were generally observed for
most elements between clams from area C and those from areas B and E.
It must be emphasized that the highest BSAF values for almost all
elements were observed in clams from the least contaminated areas
(especially A and C), whilst the lowest BSAF values were observed in
clams from the most contaminated areas (B and E).
3.2.2. Risk assessment of clams consumption
Considering the maximum permissible limits deﬁned by interna-
tional organizations (EFSA, European Food Safe Authority; USFDA,
United States Food and Drug Administration; FSANZ, Food Standards
Australia and New Zealand; JECFA, Joint FAO/WHO Expert Committee
on Food Additives) for the analyzed elements, clams herein analyzed
did not exceed the limits for Cr, Ni, Cd and Hg (see Tables 3 and 5).
However, clams collected in areas C, D and E exceeded the limits for the
Pb concentrations and As concentrations found in all of the six in-
vestigated areas exceeded the FSANZ standard values (Tables 3 and 5).
The amount of clams soft tissues that a 70 kg adult needs to con-
sume in one week to exceed the PTWI is shown in Table 5. The results
based on total As content indicated higher health risks concerning the
contamination by As in all investigated areas, since 0.05–0.43 kg (FW)
of clams consumed in one week are suﬃcient to exceed the PTWI. The
risk is particularly high at area F, where clams accumulated the highest
amount of total As. However, FSANZ standard values, JECFA and
FSANZ PTWI values are referred only to the inorganic As content in
seafood, whilst the results herein presented are referred to total As
content in clams. Moreover, risk levels were also high for Pb and Ni:
whilst 0.63 kg FW consumed per week would be enough to exceed the
PTWI for Pb at area C, 0.95 kg of clams per week would exceed the
PTWI limits for Ni at area F.
3.2.3. Biological responses
The mean length of specimens collected at the six investigated areas
ranged between 3.77 cm and 4.10 cm, with the mean width ranging
between 2.84 cm and 3.15 cm and the mean dry weight between 0.54 g
and 0.81 g (Supplementary Table 1).
The highest values of the condition index (C.I.) were recorded for
clams collected at areas E and F (Fig. 3A), those characterized by higher
metals and As concentrations in clams. Contrarily, the lowest C.I. values
were observed in areas C and D, which are characterized by medium
levels of metals and As concentration. Signiﬁcant statistical diﬀerences
were observed among area F and areas C and D (Fig. 3A).
GLY and PROT content results are presented in Fig. 3B and C, re-
spectively. The results obtained showed that the GLY content is higher
in clams with higher metal and As concentration, those collected in
areas E and F, with signiﬁcant statistical diﬀerences among clams
characterized by the lowest (B, C) and the highest GLY content (E)
Fig. 2. Fine particles, TOM, metals and As content in sediments and clams. Percentage of
ﬁne particles (A) and TOM content (B); total metals and As content in sediments
(mg kg−1 dry weight) (C) and total metals and As content in clams (mg kg−1 wet weight)
(D) for each analyzed area of the Tagus estuary. Signiﬁcant diﬀerences (p < 0.05)
among areas are represented with distinct letters (a–c). Data from the diﬀerent areas are
presented following the bioaccumulation gradient in clams.
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(Fig. 3B).
The PROT content was generally lower in clams with the lowest
metal and As concentration (areas A, C, D), compared to those with
high concentrations (areas E, F), with signiﬁcant statistical diﬀerences
between the lowest (A) and the highest (B) values (Fig. 3C). However,
clams from area B showed the highest PROT content despite the low
metal and As concentration.
LPO and GSHt results are showed in Fig. 4A and B respectively.
The LPO was higher in clams from area E, an area characterized by
high contaminated clams, and lower in the clams from area A (low
contaminated clams), but no signiﬁcant diﬀerences were observed in
the LPO levels among clams from diﬀerent areas (Fig. 4A).
GSHt values were higher in clams from areas B and E (the latter
characterized by high contaminated clams), and lower in the clams
collected from area A (low contaminated clams), but no signiﬁcance
diﬀerences were observed among areas (Fig. 4B).
The activity of the enzymes SOD, CAT, and GSTs are shown in
Fig. 5A–C, respectively. The results obtained showed higher SOD ac-
tivity in areas B, C and D when compared with areas A, E and F, but
signiﬁcant diﬀerences were found only between area C and area F
(Fig. 5A). CAT activity was higher in areas A and D, and lower in the
area B, but no signiﬁcant diﬀerences were observed among areas
(Fig. 5B). Again, the CAT activity did not follow the contamination
pattern observed in clams. The GSTs activity was higher in clams from
areas E and F, those with higher metals and As concentrations in clams,
with signiﬁcant diﬀerences comparing the area E with areas B and C,
which are characterized by low contaminated clams (Fig. 5C).
MTs synthesis was higher in clams from areas B, C and E (Fig. 6) and
signiﬁcant diﬀerences comparing area C with areas A, D and F, where
the lowest MTs values were observed.
3.3. Pearson correlations and multivariate analysis on biological responses
to metal and As exposure
The Pearson correlations showed that the ﬁnes content was sig-
niﬁcantly related to TOM content (R = 0.98 p < 0.01), to total metals
and As concentration in sediments (R = 0.83 p < 0.05) and to Ni
(R = 0.93 p < 0.01) and Cd (R = 0.82 p < 0.05) concentrations in
sediments.
The element bioaccumulation in clams was not correlated to the
metals and As concentrations in the sediments, both considering the
total metals and As concentration and those of each element (R < 0.20
p < 0.05).
Pearson correlations were not signiﬁcant among metals and As
concentrations in clams and physiological and biochemical parameters,
except for: i) Zn bioaccumulation in clams and GLY content (R = 0.83
p < 0.05), ii) As bioaccumulation in clams and SOD activity (R = 0.82
p < 0.05), iii) Hg bioaccumulation in clams and LPO (R = 0.82) and
MTs (R = 0.85) levels (p < 0.05). Moreover, signiﬁcant correlations
were identiﬁed between GLY content and GSTs activity (R = 0.93
p < 0.01), SOD and GSTs activities (R = 0.83 p < 0.05).
Moreover, the PCA analysis based on clams' contamination (total
and single metal and As content) with imposed vectors of physiological
and biochemical responses is shown in Fig. 7. The ﬁrst two components
explained the 67.1% of the total variance: the principal component
(Axis 1) accounted for 39.4% of the total variability and is associated to
a gradient that distinguished areas A, B (characterized by low con-
taminated clams) from areas C, D (with medium contaminated clams)
and areas E, F (characterized by high contaminated clams). Biological
condition vectors indicated that areas E and F are characterized by
clams with higher LPO levels (LPO), GLY content (GLY) and MTs (MT)
content, GSTs activity (GSTs) and higher C.I. (C.I.), positively correlated
to both single and total metals and As content in clams.
4. Discussion
To our knowledge, this is the very ﬁrst study investigating the
metals and As concentrations in the Manila clam population from the
Tagus estuary, relating the physiological and biochemical responses to
the environmental contamination and clams bioaccumulation levels.
The results obtained for sediment contamination showed that,
among the six investigated areas, B and E, respectively outer and inner
Table 2
Metals and As content in the sediments of the Tagus estuary.
Area Cr Ni Zn As Cd Pb Hg
A 11.0 ± 5.80a 2.88 ± 1.53a,b 30.3 ± 12.1a 4.82 ± 2.43a,b 0.05 ± 0.03a 12.3 ± 4.55a 0.09 ± 0.05a
B 18.1 ± 5.80a,b 4.71 ± 1.17b,c 122 ± 83.4a,b 24.8 ± 22.0a,b 0.49 ± 0.33a,b 87.3 ± 85.9a,b 0.62 ± 0.46a,b
C 10.5 ± 2.50a 3.02 ± 0.52a,b 44.1 ± 4.89a,b 5.17 ± 0.90a 0.08 ± 0.01a 16.5 ± 2.48a 0.12 ± 0.01a,b
D 10.9 ± 2.60a 2.15 ± 0.65a 74.9 ± 25.4b 12.4 ± 4.13b 0.17 ± 0.02b 47.0 ± 15.8b 0.97 ± 0.66a,b
E 39.1 ± 16.0b 6.60 ± 1.67c 119 ± 48.4b 20.6 ± 11.8a,b 0.44 ± 0.19b 77.7 ± 40.7a,b 0.60 ± 0.30b
F 18.7 ± 8.30a,b 4.62 ± 1.76a,b,c 68.2 ± 19.2b 9.87 ± 3.84a,b 0.25 ± 0.07b 35.8 ± 7.09b 0.26 ± 0.14a,b
TEL 52.3 15.9 124 7.24 0.68 30.2 0.13
ERL 81.0 20.9 150 8.20 1.20 46.7 0.15
PEL 160 42.8 271 41.6 4.21 112 0.70
ERM 370 51.6 410 70 9.60 218 0.71
Metals and As concentrations in the sediments expressed in mg kg−1 DW. Values in bold represent concentrations higher than TEL, ERL, PEL or ERM levels. TEL-Threshold Eﬀect Level
(MacDonald et al., 1996); ERL-Eﬀects Range Low (Long and Morgan, 1990); PEL-Probable Eﬀects Level (MacDonald et al., 1996); ERM-Eﬀects Range Median (Long and Morgan, 1990).
Signiﬁcant diﬀerences (p < 0.05) in sediments contamination among areas are represented with distinct letters (a–c).
Table 3
Metals and As content in the clams of the Tagus estuary.
Area Cr Ni Zn As Cd Pb Hg
A 2.25 ± 0.64a 1.89 ± 1.08a,b 14.2 ± 4.23a 2.42 ± 0.67a 0.08 ± 0.02a 0.58 ± 0.24b 0.03 ± 0.01a
B 2.00 ± 0.39a 1.25 ± 0.29a 15.0 ± 5.80a 3.31 ± 0.70b,c 0.07 ± 0.02a 0.49 ± 0.06a,b 0.02 ± 0.01a
C 6.38 ± 3.17b 2.35 ± 0.40b 18.1 ± 5.16a,b 2.53 ± 0.74a,b 0.06 ± 0.00a 2.78 ± 2.74a,b,c 0.09 ± 0.09b
D 2.37 ± 0.59a 1.32 ± 0.24a 25.4 ± 8.80b,c 3.42 ± 0.79b,c 0.10 ± 0.03a 1.73 ± 0.78c 0.06 ± 0.02b
E 3.20 ± 1.58a,b 1.36 ± 0.27a 30.1 ± 9.72c 4.79 ± 1.48c 0.08 ± 0.02a 1.52 ± 1.32c 0.13 ± 0.13b
F 5.60 ± 2.46b 2.58 ± 0.89b 24.8 ± 3.92b,c 21.8 ± 6.50a,b,c 0.08 ± 0.03a 0.45 ± 0.09a 0.03 ± 0.01a
Metals and As concentrations in the clams of the Tagus estuary, expressed in mg kg−1 WW. Signiﬁcant diﬀerences (p < 0.05) in clams bioaccumulation among areas are represented
with distinct letters (a–c).
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Barreiro Bay, are the most contaminated in terms of metals and As. The
lowest contamination values were observed in areas A (Samouco) and C
(Airbase). These data conﬁrm the previous mapping on elements dis-
tribution in the Tagus estuary (Chainho et al., 2014), since the southern
branch of the estuary was impacted by the metallurgic, siderurgic and
chemical industries (Vale, 1990). For all elements, values were com-
parable to those previously described in the Tagus estuary (Mil-Homens
et al., 2014), although lower values were herein observed for Cr and Ni.
The most abundant elements herein detected were Zn and Pb, as al-
ready described by Vinagre et al. (2008) in the salt marshes and by Vale
et al. (2008) in the superﬁcial sediments of the estuary. Moreover, the
present study showed that this estuarine ecosystem presented metals
and As concentrations that exceeded reference values: namely As, Pb
and Hg exceeding TEL (MacDonald et al., 1996) and/or ERL (Long and
Morgan, 1990) and Hg values also exceeding PEL and ERM levels (area
D), which should not be neglected due to the high toxicity of these
elements.
Metals and As concentrations in the sediments are generally higher
in the Tagus estuary when compared to those measured in other
Portuguese systems where the Manila clam is currently exploited, such
as the Ria de Aveiro lagoon and Óbidos lagoon, except for Hg in a re-
stricted area of Ria de Aveiro (Freitas et al., 2014; Velez et al., 2015a,c)
and for Cr and Ni in Óbidos lagoon (Velez et al., 2015b).
When compared to Atlantic and Mediterranean ecosystems hosting
the Manila clam exploitation, values measured in sediments from the
Tagus estuary for Cr, Ni, Zn and Cd are lower than those observed in
highly human-impacted environments, like the Venice and the Po River
Delta lagoons located in the Northern Adriatic Sea (Moschino et al.,
2012; Baccarani, 2014). Hg contamination is higher in the Industrial
channels of the Venice lagoon (Moschino et al., 2012), although As and
Pb contents are higher in the sediments of the Tagus estuary, especially
in areas B and E. Results herein reported from the Tagus estuary showed
that the highest contaminated sediments were observed in the areas
characterized by higher ﬁnes and TOM content. It is known that sedi-
ment grain size and organic matter play an important role in metal-
particles binding, since elements mostly interact with ﬁne-grained
particles surface (Luoma, 1990) and have great aﬃnity for organic
matter (Argese et al., 1992). Organic matter along with oxides/hydro-
xides of Fe and Mn can form ﬂocs with clay particles, depositing
themselves in a celluloid form on these aggregates (Argese et al., 1992),
which helps to stabilize the majority of elements in the sediments
Table 4
Biota-Sediment Accumulation Factor (BSAF).
Area Cr Ni Zn As Cd Pb Hg BSAF total
A 1.28–4.11a,b 2.55–20.2a,b 3.03–6.90a,b 3.25–9.55a,b 8.43–22.7b 0.30–0.70b 2.09–8.07a,b,c 2.41–5.73a
B 0.64–1.72a 1.51–3.13a 0.73–1.56a 0.61–2.40a 0.47–2.51a 0.02–0.11a 0.21–0.61a 0.45–1.20a
C 3.91–7.99b 5.92–7.27b 2.65–5.20a,b 3.21–5.51b 5.53–7.78b 0.71–2.67a,b 5.43–7.30c 2.70–4.74a
D 1.42–2.59a,b 3.39–8.48a,b 1.84–4.59a,b 1.44–3.12a,b 2.60–7.28a,b 0.26–0.46b 0.26–0.87a 1.28–2.60a
E 0.36–1.20a 1.48–2.46a 1.50–2.85a,b 1.50–3.38a,b 0.91–2.73a 0.10–0.34a,b 1.60–2.43b 0.98–2.03a
F 1.32–6.45a,b 3.05–10.2a,b 2.53–4.33b 3.52–69.8a,b 1.95–3.87a 0.08–0.13a 0.69–2.07a,b 1.83–7.20a
Minimum and maximum values of the Biota-Sediment Accumulation Factor (BSAF), expressed as the ratio between the total concentration of a given element in the organism (mg kg−1
DW) and the concentration of that element in the sediment (mg kg−1 DW). Values in bold are those exceeding 1. Signiﬁcant diﬀerences (p < 0.05) among areas are represented with
distinct letters (a–c).
Table 5
Maximum permissible limits (ML) and PTWI (provisional tolerable week intake).
Cr Ni As Cd Pb Hg
ML (mg kg−1 WW) EFSA 1.00 1.50 0.50
USFDA 13.0 80.0 86.0 4.00 1.70 1.00
FSANZ 1.00 2.00 2.00 0.50
PTWI (mg kg−1
WW)
JECFA 0.035 0.015 0.007 0.025 0.005
FSANZ 0.015 0.007 0.025 0.005
Amount of clams consumed per
week to exceed PTWI (kg)
Area A 1.29 0.43 6.42 3.00 11.0
Area B 1.96 0.32 7.42 3.54 14.0
Area C 1.04 0.41 7.88 0.63 3.70
Area D 1.86 0.31 4.85 1.01 6.33
Area E 1.80 0.22 6.13 1.15 2.70
Area F 0.95 0.05 6.20 3.86 11.2
Maximum permissible limits (ML) deﬁned by international organizations: EFSA,
European Food Safe Authority; USFDA, United States Food and Drug Administration;
FSANZ, Food Standards Australia and New Zealand; JECFA, Joint FAO/WHO Expert
Committee on Food Additives. PTWI (provisional tolerable week intake) and amount of
clams that a 70 kg adult needs to consume to exceed PTWI for each element: values in
bold represent the areas where a higher risk occurs for clams consumption. FSANZ
maximum limits (ML) and PTWI values by JECFA and FSANZ for As are referred to in-
organic As.
Fig. 3. Condition index, glycogen and proteins content. Condition index – C.I. (A), gly-
cogen content – GLY (B) and protein content – PROT (C) for each analyzed area of the
Tagus estuary. Signiﬁcant diﬀerences (p < 0.05) among areas are represented with
distinct letters (a–b). Data from the diﬀerent areas are presented following the bioaccu-
mulation gradient in clams.
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(Burton, 1976).
Concerning the results of clams' contamination, the highest values
for the total metals and As concentration in clams were measured in
samples from areas E and F, respectively inner Barreiro Bay and inner
Montijo Bay, whilst the lowest values were obtained in clams from
areas A (Samouco) and B (Outer Barreiro Bay). These results indicated
the absence of a direct correlation among metals and As concentrations
in the sediments and in the clams. Also Moschino et al. (2012) and
Velez et al. (2015a) demonstrated that the contamination values found
in clams were not proportional to the metals and As concentrations
measured in the sediments. Although both sediments and clams col-
lected in area E presented high contamination, clams from the most
contaminated area (B) showed lower bioaccumulation values. On the
opposite, clams from low or moderated contaminated area, like area F,
showed the highest bioaccumulation values. The same results were
observed for BSAF values, since higher BSAF values were observed in
clams from the least contaminated areas, as previously described for the
Manila clam (Moschino et al., 2012; Velez et al., 2015a,b). These results
could be explained by the occurrence of diﬀerent chemical forms of
elements in the sediments, depending on sediment granulometric
composition, pH values and oxidative conditions (Argese and Bettiol,
2001). Each of these forms exhibits a diﬀerent bioavailability and a
diﬀerent potential for remobilization, consequently inﬂuencing the
bioaccumulation of the diﬀerent elements in the clams (Argese and
Bettiol, 2001).
Manila clam bioaccumulation and BSAF values for metals and As
were higher in Tagus than in other Portuguese environments, as the Ria
de Aveiro (Velez et al., 2015a) and the Óbidos lagoons (Velez et al.,
2015b). Moreover, bioaccumulation values were higher in the Tagus
estuary than in Northern Adriatic Sea coastal lagoons, except for Hg, Ni
and Zn. Additionally, BSAF values were also higher in the Tagus estuary
than in the mentioned systems, except for Hg (Baccarani, 2014).
The contamination levels in clams herein detected emphasize the
need for a special concern in the consumption of clams from the Tagus
estuary, due to the Pb content in clams from area C, and As severe
bioaccumulation in clams from area F. According to the National Status
and Trends (NST) Mussel Watch Project, mussel contamination is con-
sidered ‘high’ when total As levels are above 14.5 mg kg−1 dry weight
(approx. 2.15 mg kg−1 wet weight) (Valette-Silver et al., 1999). In our
data, all the analyzed areas presented higher values, up to
21.8 mg kg−1 wet weight in area F. Moreover, limits established by
international organizations also rise some concerns, with As con-
centrations exceeding the FSANZ standard values in all the investigated
areas, and Pb concentrations exceeding the limits established by EFSA
in three of the six investigated areas. These ﬁndings are also corrobo-
rated by the PTWI calculations, indicating high risks for human con-
sumption concerning Pb in area C; regarding As in all the investigated
Fig. 4. Lipid peroxidation and total glutathione content. Lipid peroxidation levels – LPO
(A) and total glutathione content – GSHt (B) for each analyzed area of the Tagus estuary.
No signiﬁcant diﬀerences were observed among areas, as they are represented with the
same letter (a). Data from the diﬀerent areas are presented following the bioaccumulation
gradient in clams.
Fig. 5. Superoxide dismutase, catalase and glutathione S-transferase. Superoxide dis-
mutase activity – SOD (A); catalase activity – CAT (B); glutathione S-transferases activity
– GSTs (C) for each analyzed area of the Tagus estuary. Signiﬁcant diﬀerences (p < 0.05)
among areas are represented with distinct letters (a–b). Data from the diﬀerent areas are
presented following the bioaccumulation gradient in clams.
Fig. 6. Metallothioneins (MTs) content. Metallothioneins (MTs) content for each analyzed
area of the Tagus estuary. Signiﬁcant diﬀerences (p < 0.05) among areas are represented
with distinct letters (a-b). Data from the diﬀerent areas are presented following the
bioaccumulation gradient in clams.
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areas, particularly F; and Ni also represents a dangerous element. In all
these cases,< 1 kg FW of clams consumed per week is suﬃcient to
exceed the PTWI, posing a serious threat for consumers' health.
It must be stated that the results herein presented are referred to the
total As content in clams, whilst JECFA and FSANZ limits and PTWI are
established only for inorganic As. As is mainly bioaccumulated in sea-
food as non-toxic organic forms, whilst toxic inorganic forms occur in a
small percentage (JECFA, 2011). However, analytical constrains actu-
ally limit the achievement of a reliable inorganic As quantiﬁcation in
seafood, especially due to the lack of certiﬁed reference material
(JECFA, 2011). It must be stated that risks for human consumption,
especially due to total As bioaccumulation, have been demonstrated for
all Portuguese systems where the Manila clam has been studied, namely
the Ria de Aveiro and the Óbidos lagoons (Velez et al., 2015a,b). These
ﬁndings reveal that clams' consumption can constitute a health risk,
even when they are collected in areas with low contamination in se-
diments (Velez et al., 2015a). Despite the general statement that or-
ganic As in seafood is less toxic for humans, and the possible over-
estimation of As exposure due to clam consumption, a special emphasis
is still required for this metalloid, since clams had higher ability to
accumulate high As quantities also from low contaminated areas (Velez
et al., 2015b).
Concerning the physiological response of clams to metal and As
contamination, there was no clear evidence on negative eﬀects since
clams collected in areas characterized by higher metal and As content
(E and F) presented the highest C.I. values. The condition index is
considered as a useful parameter to evaluate the general physiological
condition of bivalves (Moschino et al., 2012). C.I. values determined for
the Manila clams of the Tagus estuary did not indicate a reduction of
overall condition due to metals and As content. Velez et al. (2015a)
showed that V. corrugata had the highest C.I. values at the most con-
taminated areas, but those authors did not ﬁnd statistical correlation
between species C.I. and sediment contamination or clam bioaccumu-
lation. Matozzo et al. (2012) and Moschino et al. (2012) suggested that
the C.I. of R. philippinarum collected in the Venice lagoon was strongly
inﬂuenced by seasonal variability, by multiple biotic and abiotic
parameters, but not directly correlated with metals and As content. A
similar result was also obtained by Baccarani (2014), who did not ﬁnd
signiﬁcant diﬀerences in the C.I. among clams collected in diﬀerent
contaminated areas of the same lagoon.
The present study also investigated the biochemical responses of the
Manila clam in the Tagus estuary. Energy resources are, in general,
mainly accumulated as GLY and PROT and subsequently consumed
during reproduction or stress conditions in bivalve species (Brown and
Luoma, 1999; Moussa et al., 2014). The GLY content was higher in the
most contaminated clams, particularly in areas E and F, presenting a
signiﬁcant correlation with Zn contamination in clams. On the opposite,
the highest PROT content was observed at the least contaminated clams
(especially from area B). This result was previously observed in clams
collected in the Óbidos lagoon, where total PROT content was sig-
niﬁcantly higher in R. philippinarum specimens with low metal and As
content (Velez et al., 2015b).
Experimental assays with R. philippinarum showed a GLY reduction
when the species was exposed to increasing As and Hg concentrations
(Velez et al., 2016b). However, in a ﬁeld study Planelló et al. (2015)
found similar results to those herein obtained for the Tagus estuary: a
signiﬁcant increase in the GLY content of the invertebrate species
Chironomus riparius in contaminated river systems, when compared to
low contaminated ones. The GLY increase in contaminated clam is
consistent with the hypothesis that organisms may reduce their meta-
bolism to preserve their energy reserves to ﬁght against oxidative stress
(Sokolova, 2013).
As for the low PROT content observed in contaminated clams, it
must be stated that the links between eﬀects occurring at various in-
tracellular levels can be frequently masked by dynamics aﬀecting
mRNA stability, PROT turnover, transcriptional and translational me-
chanisms, especially concerning studies conducted in the ﬁeld (Regoli
and Giuliani, 2014). Thus, we can hypothesize that the low PROT
content observed in contaminated clams could be due to complex
processes involved in PROT turnover at various cellular levels de-
pending on other factors apart from metals and As content.
LPO showed higher values in area E, which was characterized by
both contaminated clams and sediments. A similar result was obtained
by other authors in other ﬁeld studies (Velez et al., 2014, 2015b,c).
Moreover, a signiﬁcant correlation was found between LPO levels and
Hg contamination in clams. These results suggested that metals and As
contamination may conduct to ROS over-production, thus inducing LPO
in cellular membranes as observed in other bivalves studies (Ramos-
Gomez et al., 2011; Figueira et al., 2012; Gillis et al., 2014; de Oliveira
et al., 2016). As a consequence, clams should activate antioxidant re-
sponses, both enzymatic, as CAT, SOD and GSTs, and non-enzymatic
antioxidant systems, as the GSH/GSSG, to reduce the oxidative damage
(Regoli and Giuliani, 2014).
Interestingly, clams from the most contaminated area (E) showed
the highest GSHt content. A similar result was previously observed in a
ﬁeld study on a diﬀerent clam species, V. corrugata in the Ria de Aveiro
lagoon (Velez et al., 2014). It is noteworthy to observe that the GSHt
values obtained in the Tagus estuary were higher in clams from the
areas with the most contaminated sediments, speciﬁcally B and E. This
means that GSHt results herein observed reﬂected the sediment con-
tamination, instead of clams' bioaccumulation patterns.
GSTs activity was signiﬁcantly higher in the most contaminated
clams, especially from area E. Similar results were already obtained
from other studies on natural bivalve populations (Jena et al., 2009;
Fernández et al., 2010). Moreover, a signiﬁcant correlation was found
between As content in clams and SOD activity (see Section 3.3), even if
none of these enzymes reﬂected the contamination gradient in sedi-
ments and/or clams of the Tagus estuary. Matozzo et al. (2012) studied
the natural populations of R. philippinarum from the Venice lagoon and
suggested that the reduced antioxidant status of clams could depend on
both natural (salinity) and anthropogenic factors capable to aﬀect an-
tioxidant enzymes. Despite the GSHt levels and the GSTs activity
Fig. 7. PCA analysis. Multivariate PCA analysis of physiological and biochemical status of
the Manila clam, in response to metals and As accumulation. Star symbols represent areas
A, B (low contaminated clams), triangles represent areas C, D (medium contaminated
clams), squares represent areas E, F (high contaminated clams). Italics represent data
distribution on clam contamination for both total (ClamTot) and single metals and As
content (CdClam, PbClam, HgClam, ZnClam, CrClam, AsClam, NiClam). Superimposed
physiological and biochemical vectors are indicated in bold italics: condition index (C.I.),
glycogen (GLY), superoxide dismutase (SOD), catalase (CAT), total glutathione (GSHt)
and glutathione S-transferase (GSTs), total protein content (PROT), LPO levels (LPO) and
metallothioneins content (MTs).
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increase observed, these mechanisms were insuﬃcient to reduce the
increase of LPO levels, in absence of a relevant CAT and SOD activity.
This scenario was already observed by Velez et al. (2015c) in wild R.
philippinarum populations of the Ria de Aveiro lagoon, with higher GSTs
levels observed in areas with higher Hg accumulation, but no signals for
CAT and SOD response. These authors suggested that the increment of
GSTs values in the Manila clam may constitute the unique defense re-
sponse stimulated against oxidative stress, on the opposite, the anti-
oxidant enzymes activities are reduced. A reduced antioxidant enzyme
activity in the clams of the Tagus estuary could also depend on the MTs
synthesis. The highest MTs content were observed in clams from area B
and especially from area E (both sediment and clam high contamina-
tion). Moreover, the clams from this area also presented the highest Zn
and Hg contents, and a signiﬁcant correlation was observed between
MTs content and Hg bioaccumulation in clams (see Section 3.3). A
higher MTs content in contaminated bivalves was also observed in ﬁeld
studies conducted on the cockle C. edule (Freitas et al., 2012) and the
clam V. corrugata (Velez et al., 2014), even if contrasting results were
obtained for C. glaucum (Velez et al., 2016a) and R. philippinarum.
Martín-Díaz et al. (2007) showed a signiﬁcant induction of MTs in the
Manila clam in response to metal contaminated sediments, and Velez
et al. (2016b) demonstrated that the Manila clam was able to increase
MTs synthesis, to prevent the deleterious eﬀects of intracellular free As
and Hg ions, when experimentally exposed to As and Hg. On the op-
posite, ﬁeld studies conducted in the Ria de Aveiro (Velez et al., 2015c)
and in the Venice lagoon (Moschino et al., 2012) did not evidence
diﬀerent MTs levels among high and low contaminated areas.
It must be stated that diﬀerences among MTs results could be due to
the interference of various factors like sex, size, gonadal development,
food abundance and other environmental parameters (e.g. temperature
and salinity), as suggested by Moschino et al. (2012). These authors
showed that MTs synthesis in the Venice lagoon is inﬂuenced by go-
nadal development, reﬂecting seasonal metallothionein trends. Also
Oaten et al. (2017) proved that MTs synthesis in Manila clam can
change depending on seasonality. R. philippinarum from the Tagus es-
tuary are generally in mature phase of reproduction (phase III) or im-
mediately after gametes release (phase IV) during spring months
(Moura et al., in press), however they showed an increased synthesis
with respect to clams and sediment metals and As content.
Finally, it must be stated that the results obtained by single phy-
siological and biochemical parameters were also corroborated by
multivariate patterns (PCA), considering that metals and As content in
clams was associated with higher C.I. values, GLY and MTs content,
LPO and GSTs levels, particularly at areas E and F (highest con-
taminated clams).
The use of Manila clam as a bioindicator for metals and As con-
tamination in transitional environment has been debated, since some
authors suggested its possible use (Oaten et al., 2017), whilst others
(Moschino et al., 2012), demonstrated a weak responsiveness and
sensitivity to anthropogenic pollutants, and a lack of biochemical re-
sponse in ﬁeld studies (Velez et al., 2015b). The present work demon-
strated that condition index (C.I.), LPO levels, GSTs activity, GLY and
MTs content measured in Manila clam from the Tagus estuary might be
responding to the stress caused by environmental pollution, thus re-
presenting possible useful biomarkers. The contrasting results of Manila
clam biochemical responses observed in ﬁeld studies may depend on
the occurrence of many confounding factors in natural environments,
which inﬂuence these responses.
5. Conclusions
The present work provides novel data on the metals and As content
from sediments and Manila clam samples of the Tagus estuary. Among
the six investigated areas, signiﬁcant diﬀerences were observed both for
sediments and clams contamination: the most contaminated sediments
were identiﬁed in areas B (outer) and E (inner) of the Barreiro Bay. The
latter area E and area F (inner of Montijo Bay) showed the highest
metals and As content in clams. Moreover, As concentrations in clams
in all the investigated areas (particularly F) and Pb concentrations in
clams from area C (Airbase) raise serious concerns related to the human
consumption, considering the limits established by the International
organizations and the PTWI estimations.
The identiﬁcation of areas of high risk for clams consumption
should be seriously considered by the local authorities and ﬁshermen of
the Tagus estuary. Up to now, the deﬁcient regulations and the pre-
valence of unlicensed harvesters have contributed to increase the risks
for consumers. The Manila clam harvesting in the Tagus estuary should
be better regulated and controlled to ensure its safety for producers,
consumers and for the conservation of the estuarine environment.
Finally, this work also enhanced the relevance for Manila clam of
physiological parameters, namely condition index (C.I.), and bio-
chemical parameters like glycogen content (GLY), oxidative damage
(LPO), biotransformation enzymes (GSTs) and metallothioneins (MTs),
as consistent indicators of metals and As accumulation in this species.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2017.10.088.
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